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1. INTRODUCTION

Lightning flashes have been observed to be induced by large-yield

surface nuclear detonations in the Pacific. A paper by Uman et all

explored this phenomenon and attempted to explain the flashes as a
consequence of the nuclear radiation-induced electromagnetic pulse (EMP)

generated by the burst, with the Mike shot of operation Ivy taken as a
specific example for this hypothesis. Uman's results were suggestive,
but fell short of the magnitude and duration required to fully justify

the hypothesis. Because the observed lightning flashes developed over a
period of several milliseconds and endured for about 75 ms, EM4P electric
fields necessary to induce the lightning must also have a similar dur-
ation in order to sustain the current flow of the discharge. Uman

judged a vertical gradient of 100 kV/m to be necessary to induce the
strokes. The EMP electric fields used by Uman were obtained by

Gilinsky2 for prompt gamma rays, attaining only 30-kV/m levels and
lasting only for microseconds because of the short duration of source

currents and because the associated air conductivity quickly shorts out
the residual fields.

Recent work by Scheibe and Longmire 3 considered secondary gamma rays
due to ground capture of thermalized neutrons from the burst as the
source of EMP source currents and ionization in the air for several
milliseconds after the burst. With Gilinsky,2 they used the radial
Compton electron current Jr divided by the air conductivity a as an
estimate of the electric field strength. They pointed out that the

direction of the lightning strokes dictates an unexpected air chemistry
concerning the densities of ions and free electrons, possibly due to a
buildup of HN0 3 in the air and consequent rapid attachment of free
electrons to HNO 3 - On this basis, they attempted to determine whether

the large electric fields necessary to produce lightning might have been
caused by an ion-dominated conductivity much smaller than for previous
electric field estimates using electron-dominated conductivity. How-
ever, their analysis of the formation of HNO3 yielded concentrations low
enough to support an electron-dominated conductivity, and their pre-

dicted field values fell short of those necessary to produce the Mike
lightning strokes.

IM. A. Uman, D. F. Seacord, G. H. Price, and E. T. Pierce, Lightning

induced by Thermonuclear Detonations, J. Geophys. Res., 77 (1972), 159i
to 1596.

2V. Gilinsky, Kompaneets Model for Radio Emission from a Nuclear

Explosion, Phys. Rev., 137A (1965), A50 to A55.
3M. Sheibe and C. Longmire, The Effect of Ionization-Induced Smog on

EMP Environments, Report MRC-N-362, Mission Research Corporation, Santa
Barbara, CA (February 1979).
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The purpose of this report is to present a revised model of the E4P
which attains the necessary electric field magnitudes and fully justi-
fies the hypothesis that the Mike lightning strokes were induced by
EMP. First, a more accurate expression for the electric field strength
will be derived. Second, an alternate interpretation of the air chemis-
try will be presented. Finally, the resultant electric field strengths
will be found to be up to an order of magnitude greater than previous
results.

2. DEVELOPMENT OF MODEL

2.1 Derivation of Electric Field Strength Equation

Secondary gamma rays due to ground capture of thermalized
neutrons have been proposed by Scheibe and Longmire3 as the source of
electric fields strong enough to induce lightning on a time scale of
milliseconds. An approximate semistatic solution to Maxwell's equations
will now be derived that is valid for this time regime after the nuclear
burst. In MKS units, Maxwell's curl equations in air may be written

aH +

aH W at V xE (lj

and

E X + +
E -= V H - J - aE , (2)oa8t c

where E and H are electric and magnetic intensities, respectively, 11
and are permeability and permittivity of free space (47t x 10- 7 H/m
and 8.85 x F/im), t is time in seconds, c is the driving Compton
current (A/m2 ), and a is the air conductivity (mho/m).

With assumptions of azimuthal symmetry+ about the burst, vanishing
azimuthal component of the driving current J, and scalar air conductiv-
ity a, we have in spherical coordinates centered at ground zero the
transverse magnetic (TM) or electric multipole equations:

aH a E
H at = r T"r r E +r 08 (3)

3M. Sheibe and C. Longmire, The Effect of Ionization-Induced Smog on

EMP Environments, Report MRC-N-362, Mission Research Corporation, Santa

farbar:, CA (February 1979).

6



C D = rin 0 H) - J - CE ( 4)
o at r sin 6 n8 r r

aE8  1a ,
- I rH)- JO-CEO (5)oat r ar

At times greater than about 0.1 ms after the burst, the time deriva-
tive terms in equations (3) to (5) become small for fields within
several kilometers of the burst (since ct >> r). Rewriting (4) and
neglecting the time derivative gives

1 in0 HO) + E• (6)
r sin 8 in 9 S Jr r

To first order, the conduction current term Er in (6) may be neglected
since both a and Er become small at late times, so that approximately

1 ae (sin 8 H ) Jr (7)r sin- O (S r

At a distance from the burst of more than a few gamma mean free paths,
the EMP sources are caused predominantly by multiply scattered gammas
instead of singly scattered gammas. For this reason, and since the
multiply scattered gammas originating from ground capture of neutrons
have lost most of their initial upward collimation, the radial Compton
current Jr becomes nearly independent of 8. With the approximation that
Jr is independent of 8, integration of (7) from the vertical (0 = 0) to
the ground surface (8 = n/2) gives

/2 ft /2
J ~~in 8 H,) rJr J in 0 ae

r

Is in e H 0 rJr I- cos O10

H,( 7T/2) rJr B
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Rewriting (5) and neglecting the time derivative gives

r r (r H) J( +  E)

Using expression (8) for H at the ground and assuming a f )rm

J = J exp(- r/A)/r 2  (10)r

for the radial current, where X is the effective attenuation ]ength %-r

neutron cipt,ire gammas, we have

- J exp(-r/)/

or

(r r H,) - rJ/X . 2

Substitution of result (12) into equation (9) gives

rJr
11 + IEO

or

(rJr \J,E£ -- --- JJ."(

Fr currents -1]i I., jr(eunl -apture if thermalizei neutr-n.,-

neqative and J,, is positiv- and of Approximately the sane , l .

Jr" For r >> , . may be omitteI from (14) l't ittle ,rrcrr,'
the appro:~i~s~i t.. ,-ult f.,r the t:hr(ta electric Ffeli aI t the slr - -

rJ
r

En * F



Tne result, (15) , is different by a facto-r r/X frcom the expression

jr pr ev ius Iy used.''3  Result ( 15) also applies to secondary gammia
sn(-u-,,ces due to air capture of thermalized neutrons, extending to hun-
ire,!s :f milliseconds after the burst, as well as for ground capture.

2 .2 Discussion of Air Conductivity

Since an evaluation of the air conductivity c is essential to
obtain the electric field component En (vertical at the ground), it is
TIQC SSdlry to consider in detail the relative contributions of free
-.1 ''trons and ions. it has been pointed out that the circular shape of
the Mike Lightning strokes, concentric to the burst point, implies an

unusual air chemistry at the stroke ranges. The foll owing is presented
in review of previous theory. Since the time derivative in equation (3)
is virtually zero, we obtain

~3 rE) r (16)

Thet cirr:ular shape of the strokes requires E << Eq so thatr 0

I jr (r E) =0 ,(17)

r E,, constant .(18)

Co,)rhiinq equat ions (15) an!! ( 18)

r2 1
r-constant .( 19)

a

For ( 19) to be true, the logarithmic derivative of l/r2 with
respect to range r must (approximately) e-qual the logarithmic derivatfie
of J r/a. The logarithmic derivative of h/r2 is

2 V. Gil insky, Kompaneets Model for Radio Emission f rom7 a Nuclear
Explosion, Phys. Rev., 137A (1965), A50 to A55.

3M. S5heihe and C. Longmire, The Effect of Joni za tion-Ind uced 6Smog onl
EMP Environments, Report MRC-N-362, Mission Research Corporation, Scinta
Barbara, CA (February 1979).



r 2 4(r_2) 2/r (20)

The range dependence of J r/ will now be considered. The late-timer
electronic conductivity 0 e can be written

-Y = e S1 e (21)

where e is the electron magnitude of the charge, S is the ionization
rate in ion pairs/m 3-s, U e is the free electron mobility in m2/V-s,
and 6 is the free electron attachment rate in air (usually taken to be
about 108s -1).

The late-time ionic conductivity a. can be written1

ai = eji (S/y) 1 /2, (22)

where U. is the average ionic mobility in m2 /V-s and y is the average
ion-ion recombination rate in m3/s.

To a good approximation, J is proportional to S and may h> ten
r

J = - eRS/v , (23)
r

where R is the average forward range of the Compton electron in meters
and v is the average number of ion pairs created by the Compton elec-
tron. If electronic conductivity dominates,

J/ = - RB/ V , (24)

r e e

while if ionic conductivity dominates,

Jr/0Ji = - RS I / 2 y1/2,/Uij (25)

At first appearance, equation (24) does not appear to have any r-

dependence, so its logarithmic derivative would be zero in contradiction

of ;)0). .n the other hand, in (25) the ionization rate S has a range

depenvin ,ce of the form of (10) since S - J , or
0 r



S(r) exp(-r/X)/r 2 
, (26)

so that

j /(ji S/ or exp(-r/2X)/r (27)r

The logarithmic derivative of (27) is

r e dr ( (28)

The attenuation length X is about4 300 m. Using r 900 m for one of

the Mike lightning strokes, the logarithmic derivative of J /a. becomes
r i-2.5/r, which is close to the desired value -2/r (from equation (20)).

It would thus appear that the circular path of the Mike lightning
strokes demands that the air conductivity be dominated by ions rather

than free electrons.

Having reviewed previous arguments, Scheibe and Longmire's conclu-
sion must be noted. 3  They maintain that consideration of attachment of

free electrons to both molecular oxygen and the HNO2 predicted to be
formed at the lightning stroke ranges nevertheless indicates that the
air conductivity is still dominated by free electrons rather than

ions. While other mechanisms hae been proposed as potential means r~f
reducing the free electron density to the point where the ionic conduc-
tivity dominates (e.g., "hot" electron reactions with certain neutral
molecules 3 ), an alternate theory successfully based on dominant electrir
conductivity would have immediate appeal. An attempt at such a theory
will now be set forth.

Equation (24) for electron-dominated conductivity contains i aram-
eters R and v, which are weakly dependent upon range from t e
burst; i e' which depends upon the electric field strength; and the
attachment rate, 9, which is due to attachment to 0, at all but very
high radiation dose levels. According to Scheibo ind Lonomire, tl.o

IM. Sheibe and C. ,'ngnire, The Effect of ioniz-ation-Itniced Smo,:

EMP Environments, Repoit MRC-N-362, Mis.sion Pe' edruh C':rmrat on,

Barbara, CA (February 1979).

"ff. S. &Shechter and M. o. Cohen, Energy Dep)sition Rates an.! c;,

Electron Currents fror Lk)w-Alftitude Bursts a.s a .anct -0r2 of 'So irco

Energy, U.S. Army, Uar r Diajnond Taborator?:os .:{efori!L;-CR-7-02 )-I,
Matheati(:i App~i iatbtns Group, Inc., Clmsford, NY ,cmber 0177).
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t'-cal dose i hi J) enou(;I) at tre ! lqht T. I- x z f 'rina-

tion of BNK). in the ali 't sk-i I h ;tott !uml<ers t aff i- t the v i IC

for ) a t. th')s30 se rai .. n, : nc t "'S at h i I e' i I y t" i'N

Th(ey estimate the 4ttan ame, t L V ,. of i e a t ta -r
rate to 02 to he 1 1t 31.- m llin rais lMyi) , i :t: 10 '-!i , and 4 at

35 Mtl. They furth,,r .;t ainaee r pt, nn up,:I, i t ,,

dose levels. This ,e} ic:ice ,'f t'- t< , i at r dc:mn, rat"

-- ( HlN0O ) * ,(.)7 ) ),) n lose can he well app. (c, n<. ed , t , a!

1.0 to 35 MrS by

2 10) (D/3D.5 x 10 ,) (29

where , (02) is the attachment rate to 0) and 11. is the i('se in rads.
Since the Compton current Jr (r is proportional tr. the dose D(r),

0 .4 30)

r

so that from (21)

0.6c xJ , (3,
e r 3

and from (24)

0.4
r e r (32)

Thus, we see that for dose levels of 1.0 to 35 Mrd, the buildup of
HNO3 causes a range dependence of the electron attachment rate and an
associated range dependence of 3 r le The logarithmic derivative of
the latter is r e

j-O.4 d (JO.4) d ir

r dr r J4Lr (jr)r

(33)

which for r = 900 m and k = O0 in yields a value of -2.0/r. This value

matches exactly the desired value -2/r from equation (20). It is appar-
ent that circularity of lightning bolts concentric to the burst point



can be underst od in terms of an electrn-dominatod air conluctivity, at
least for lose levels above roughLy I Mrd.

The electric field dependenc, of the electron mobil ity also plays a

role in determining the circularity of the lightning bolts. These vari-

ous effects will he gathered togeth t r predict the peak electric field
( sect. 3) .

3. PREDICTED ELECTRIC' FIELD STR[:NGTH

In order to predi it the maxLmu . vertical electric field strength at
-he Mike lig".nAng bolt ranges, equation (15) is rew ittn a

r J

2)- ,e34)

...anc us( 2 , W i I iK t -i t ,t. a - P, i2n

1'" 1 ,w a

t2 , it . II' 2 f ne x5 cit r1-Ki Z I5 e: , t it
-t- '1 "'c .n)' i,i.. 1,0112' .41 ,' i '. i c p1

, ,re .- f theca'.zo vax:-

9w '-. "h ' - 010 r mch] ,ty : s> K,: I',,) &b lt ^. .. .il\,K, <-'2902 F? '

• , U , .lo' Or ' I F ,' 1 ;. r h j 'i, ; ,

S n: ' ' ". ,. m ' ,

11, t"3 F

c?1 1 'o '-, ox z &,",n-t~r' ' . , } '/, ' . -,,::i' ,] c ', n - ' ', 1 [. T •1 
,

- .- t *c • i' r - -2 ) , - V



received in the next several hundred milliseconds from secondary gamma
rays due to air capture of thermalized neutrons. A dose of 0.85 Mrd
leads to an attachment rate of 8 1.2 x 108 s-1. The ionization rate
S was estimated by Scheibe and Long,'ire to about 6 x 1023 ion
pairs/m3 -s, at a 500-m range and 10 ms after the Mike burst, due to
gamma radiation. Extrapolation to 900 m yields S = 5 x 1022 ion
pairs/m 3 -s•

Predicted electric field strengths and ratios of ionic conductivity
to electron conductivity are presented in table 1 for ranges of 500,
900, and 1300 m from the burst. Results are given both for unhydrated
ions (such that y = 2 x 10-1 2 m3 /s) and for hydrated ions (such that y =
8 X 10-1 2 m3 /s). 5 Although Scheibe and Longmire used the recombination
rate for unhydrated ions, this author prefers the rate for hydrated
ions, since extensive hydration can occur within a millisecond of the
burst.

TABLE 1. CALCULATED RESULTS AT 10 ms AFTER MIKE BURST M'R

UNHYDRATED AND HYDRATED IONS

Range Dose IIonizationmrate 6 -E.-. Y'

(Mr/s) (m K I(rads) (ion pair/m3-s) I(s ) (kV/n)

Unhydrated

2 10
-
1' 500 10. 6 x 1024 3 10' 174 2.SH

2 10
-

2 900 0.85 5 102 1.2 10' P3 0. 3

2 10 
" 2  

1300 0.1 7 1021 1 101 73 1.14

Hy Iratel

8 10
- !  

500 10. 6 W0 3 x 10i 247 1.34

8* I0
- 12  

900 0.85 5 1022 1.2 - 10
'  

128 0.34

8 10
-

1
2  

1300 0.1 7 1()21 I - 101 114 0.72

5C. A. Blank, T. Baurer, M. H. Bortner, and A. A. Feryok, A Pocket
Manual of the Physical and Chemical Characteristics of the Earth's
Atmosphere, Defense Nuclear Agency Handbook, DNA 3467H, General Electric
Co., Philadelphia, PA (1 July 1974), 155.
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Thus, we see that field strengths of the order of 100 kV/m are
predicted for the ranges of the Mike lightning bolts (900 to 1380 m),'
with somewhat stronger fields at closer ranges. The fields are not
strong enough to induce a general breakdown throughout the source
region, but, as was observed, are strong enough to trigger bolts from
instrumentation shelters made of conducting material. A 1/r range
dependence of E is necessary to explain the circular lightning bolts.
The values for E8 have approximately a /r range dependence from 500 to
900 m, with a somewhat weaker dependence out to 1300 m. In view of the
roughness of the calculation, the results seem in reasonable accord with
a 1/r range dependence for the ranges of the Mike lightning bolts. It
is possible that a more precise. calculation of Ea using better estimates
of Ue e a, and J would produce better agreement.

The air conductivity is dominated by electrons at ranges less than
roughly 1300 m and by ions at greater ranges, so that circular lightning
bolts should prevail in both regimes. The field strength at ranges much
greater than 1300 m appears to become too small to trigger lightning
bolts.

In the Scheibe and Longmire estimates of dose, elastic recoil ion-
ization by neutrons was omitted. If a normal neutron energy spectrum is
postulated, the dose increases6 by about 200 percent at 500 m, about 100
percent at 900 m, and about 50 percent at 1300 m. These increased dose
values lead to electric field values of 253, 112, and 73 kV/m at 500,
900, and 1300 m for unhydrated ions, with electron and ion conductivi-
ties about equal at all three ranges. For hydrated ions, we obtain 390,
164, and 114 kV/m at these ranges, with electron conductivity slightly
greater than ionic conductivity at each range. Inclusion of elastic
recoil ionization tends to cause more exact conformance to a 1/r range
dependence between 900 and 1300 m. Inclusion may not be justified for
the Mike burst, however.

Use of equation (15) leads to predicted fields high enough (over
100 kV/m) to support an average free electron energy of about 1 eV. At
energies this high, free electrons may enter into reactions with neutral
molecules producing negative ions. 3  This may happen fast enough to

IM. A. Uman, D. F. Se'cord, G. H. Price, and E. T. Pierce, Lightning
Induced by Thermonuclear Detonations, J. Geophys. Res., 77 (1972), 1591
to 1596.

3M. Sheibe and C. Longmire, The Effect of Ionization-Induced Smog on
EMP Environments, Report MRC-N-362, Mission Research Corporation, Santa
Barbara, CA (February 1979).

6S. GLasstone, editor. The Effects of Nuclear Weapons, U.S. Atomic
Energy Conmission, U.S. Government Printing Office, Wdshington, DC
(April 1962), 582.
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suh"tantially reduce the free electron density. Evaluation of this
effect would require the use of equation (15) or its equivalent and the
appropriate reaction rates folded with a Druyvesteyn (not Maxwellian)
energy distribution of the "hot" electrons.

4. CONCLUSIONS

An E4P model has been proposed for the Mike shot which predicts
vertical electric field strengths of about 100 kV/m, satisfying Uman's
criterion1 for triggering observed lightning flashes, on a time scale of
milliseconds in conformance with the duration of the observed flashes.
Uman noted that the lightning flashes endured for about 75 ms. This can

be understood as an initial breakdown due to ground capture EMP sources
on a scale of a few milliseconds, sustained for about 0.05 to 0.1 s by

air capture EMP sources which, although somewhat weaker in intensity,
are longer lasting.

The model substantially accounts for the observed circularity of
the Mike lightning bolts in terms of an electron-dominated air conduc-
tivity in the presence of HNO3. The model does not rule out the possi-

bility, however, of free electron removal through "hot" electron reac-
tions with neutral air molecules, as suggested by 'cheibe and Longmire.

3

These results demonstrate that lightning flashes induced by large-
yield surface nuclear detonations can be understood as consequences of

sustained radiation-induced EMP fields of about 100 kV/m.
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